T he mobile proton model, pioneered in large by the work of Gaskell and Wysocki, is an elegantly simple and well-established way of describing the low-energy fragmentation reactions of protonated even-electron peptides [1] [2] [3] [4] [5] . A key feature of this model is the competition between charge-directed fragmentation and charge-remote fragmentation. The former involves proton migration from the initial ground state of the protonated peptide to a higher energy isomer that can then facilitate heterolytic bond cleavage. When this site corresponds to a peptide bond, a neighboring nucleophile can induce peptide bond cleavage to form b-and y-type sequence ions [6] . In contrast, chargeremote fragmentation reactions are required when the proton is sequestered at a basic site. While there is still some debate on the structures of b-ions [7] , the lowenergy fragmentation reactions of protonated peptides that result in the formation of both sequence and non-sequence ions are fairly well understood and have been the subject of several reviews [5] [6] [7] [8] [9] [10] [11] . This is due to the world-wide research efforts of many groups who have either conducted experimental and theoretical studies on small model peptides [5] [6] [7] [8] [9] [10] or used statistical methods to interrogate large, curated libraries of MS/MS spectra of "real world" peptides, typically formed via tryptic digestion of proteins [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . While more refined fragmentation models such as Paizs and Suhai's "pathways in competition (PIC)" have been developed [10] , the "mobile proton" has remained center stage.
Over 50 years ago, Andersson performed the first MS-based study on peptides using electron ionization (EI) [23] . The key fragmentation reactions of the resultant radical cations were correctly described and the inherent problems of peptide volatility were recognized. The latter problem is the reason that gas-phase peptide radical cations largely remained a curiosity for several decades. Fortunately, this situation has been reversed, with a recent renaissance in the formation and reactions of radical ions of biomolecules. The motiva-tion for these studies range from fundamental interest in species related to biological processes such as enzyme catalysis [24] and oxidative chemistry associated with damage to biomolecules such as proteins [25] , through to the potential for developing novel mass spectrometry-based analytical applications, for example, in the area of proteomics [26] . There are two types of peptide radical cations that can be studied in the gas-phase: (1) hydrogen rich; and (2) canonical/hydrogen deficient. The former are formed via electron capture dissociation (ECD) [27] and electron-transfer dissociation (ETD) [28] and their mechanism of fragmentation has been the subject of intense scrutiny over the past decade [29 -33] . The latter class of radical can be formed via a diverse range of methods, including EI; laser desorption coupled with photoionization [34 -37] ; oxidative dissociation of ternary metal peptide complexes [38 -44] ; UV-photodissociation of native peptides [45, 46] ; homolytic photodissociation of the C-I bond in iodotyrosine-containing peptides and proteins [47, 48] ; photodissociation of noncovalent complexes containing a photolabile precursor [49] ; electron-induced dissociation [50, 51] ; and through peptide derivatization to install a functional group with a weak bond that can undergo facile homolytic cleavage under collision induced dissociation (CID) [52] [53] [54] [55] [56] .
The mechanistic aspects of the fragmentation reactions of canonical/hydrogen deficient radical cations are both interesting and challenging to unravel since they can potentially either undergo: (1) charge-directed or "spin-remote" [57] fragmentation reactions under mobile proton conditions in which the radical is a spectator; or (2) charge-remote, radical-driven fragmentation reactions [58] . Radical-driven fragmentation reactions can occur from a wide range of radical sites including from backbone radicals [55] and side-chain radicals [47, 49] , and can result in cleavage of the peptide backbone to yield sequence ions [47, 49] or losses of small molecules or radicals from side chains to form non-sequence ions [49, 59, 60] . The latter fragmentation reactions allow differentiation between leucine and isoleucine residues [59] .
A further interesting feature is the possibility of a "mobile radical," whereby the initial radical site changes via the occurrence of intramolecular hydrogen atom transfer (HAT). The experimental evidence for such processes is often indirect, and typically involves examining the fragmentation chemistry of regiospecifically generated radical ions. There are three potential classes of HAT, which depend on the sites involved in the hydrogen atom migration: (1) backbone to backbone; (2) side-chain to backbone; (3) side-chain to side-chain. Removal of a backbone ␣ C-H bond is a thermodynamically favored process [61] , provided a captodative radical is formed [62] . Indirect evidence that HAT can occur from one ␣ radical site to another (i.e., backboneto-backbone HAT) comes from the observation that the CID spectra of different ␣ radicals of the same peptide are virtually identical [55] . Such reactions do not, however, always occur [63] [64] [65] .
An example of side-chain-to-backbone HAT comes from the work of Ly and Julian [47] , who suggested a mechanism whereby a tyrosine-based side-chain radical initiates backbone cleavage via H-atom abstraction of the adjacent N-terminal amide N-H bond. With regards to side-chain-to-side-chain HAT, Hao and Gross have noted [56] that peptides with regiospecifically generated cysteinyl radical sites give x-type sequence ions via radical type cleavages at sites, which are several residues away from the initial S radical. They suggest a HAT reaction from the ␤-carbon of threonine residues to the thiyl radical. Such a mechanism is consistent with the bond dissociation energies of S-H bonds (typically 81 kcal.mol Ϫ1 ) [56] and the ␤-carbon of threonine (a theoretical estimate is 86.8 kcal.mol Ϫ1 ) [66] . The side-chain thiolate radicals of cysteine residues represent an important class of radicals in peptide and protein chemistry that are involved in a number of enzyme reactions [24] and are implicated in protein damage [25] . Recent work by Schoeneich's group has demonstrated that the side-chain thiolate radicals of cysteine residues can abstract hydrogen atoms from amino acids intermolecularly and also intramolecularly from adjacent amino acid residues [67] [68] [69] [70] [71] [72] . Given the potential importance of these reactions in protein damage, as well as these being excellent model systems to examine side-chain-to-backbone HAT in gas-phase peptides, here we use a combination of multistage mass spectrometry experiments, collision-induced dissociation, deuterium labeling, and density functional theory (DFT) calculations to study the fragmentation reactions of regiospecifically generated radical cations of simple cysteine-containing di-and tripeptides. We also compare the fragmentation reactions of these radical cations with their even-electron counterparts, which have been previously published [73, 74] .
Synthesis and Derivatization
The copper(II)-containing ternary complexes were prepared by reaction between equimolar amounts of copper(II) nitrate hemipentahydrate and 2,2=:6=,2Љ-terpyridine (Terpy) in EtOH following literature procedure [75] and purified via recrystallization. One milligram of this complex was dissolved in 140 L of methanol and 10 L aliquot of this solution was mixed with 10 L of a solution containing equimolar quantity of the corresponding tyrosine-containing tripeptides in 140 L of methanol. The mixture was allowed to sit at room temperature for 30 min, thereafter 140 L of methanol was added and the solution injected into the electrospray ionization (ESI) source of the mass spectrometer.
Trans-nitrosylation reactions in solution were carried out by mixing equimolar quantities of 1 mg/140 L solutions of S-Nitrosoglutathione (GSNO), and the corresponding cysteine-containing peptide in water, and the reaction was allowed to proceed at room temperature for 10 min. Before infusing the reaction mixture into the ESI source of the mass spectrometer, it was diluted 150-fold with methanol.
Methyl esterification of cysteine-containing peptides was performed by dissolving 10 mg of the lyophilized peptide in 1 mL of the methyl esterification reagent (prepared by the dropwise addition of 800 L of acetyl chloride to 5 mL of anhydrous methanol with stirring) and allowed to stand for 2 h at room temperature. The samples were lyophilized and used without further purification.
N-formylamino acids/peptides were prepared by modification of the procedure reported by Sheehan and Yang [76] . To 1.35 ϫ 10 Ϫ3 moles of the amino acid/ small peptide dissolved in 3 mL of 88% formic acid, ca. 1.1 mL of acetic anhydride was added dropwise. The resulting solution was allowed to stir for one hour, after which time ca. 3 mL of ice-water was added. The solvent was evaporated by blowing nitrogen gas over the surface of the liquid. The resulting residue was recrystallized from aqueous ethanol to yield the desired products.
Mass Spectrometry Experiments
All mass spectrometric experiments were conducted on a Thermo Scientific (Bremen, Germany) LTQ FT hybrid mass spectrometer consisting of a linear ion trap (LTQ) coupled to a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer. Methanolic samples were introduced into the ESI source of the mass spectrometer at a flow rate of 5 L/min. Sheath gas, capillary voltage, and temperature were adjusted to ca. 10 arbitrary units, 3.0 kV and 250°C, respectively. Low-energy CID dissociation studies using helium as the collision gas were performed using the standard procedure of mass selection of the desired precursor ion and subjection of these ions to collisional activation. The activation time for these experiments was 30 ms with the percentage collisional energy optimized for each experiment.
High-resolution mass spectrometry spectra were acquired via transfer of ions from the linear ion trap into the FT-ICR cell. To increase mass accuracy, when experimental conditions permitted, the scanning window was narrowed to 15 Da centered around the ion of interest using the built-in selected reaction monitoring (SRM) and consecutive reaction monitoring (CRM) functionalities. Ions confirmed through accurate mass measurements have been denoted in the spectra by a superscripted double dagger symbol ( ‡ ) next to its label, with measured and theoretical masses along with the error in ppm listed in Table T1 of the Supplementary Material, which can be found in the electronic version of this article. The positive mode calibration was performed via the automatic calibration function using the recommended LTQ calibration solution, consisting of caffeine, MRFA, and Ultramark 1621 solution.
Theoretical Methods
Geometry optimizations and electronic energy calculations were performed using the Gaussian 03 molecular modeling package [77] . Structures of minima and transition states were optimized at the B3-LYP level of theory [78, 79] with the 6-31ϩϩG(d,p) basis set. In the case of open-shell systems, spin-unrestricted calculations (UB3-LYP) were used. All optimized structures were subjected to vibrational frequency analysis to ensure they corresponded to either true minima (no imaginary frequencies) or transition states (one imaginary frequency). Intrinsic reaction coordinate (IRC) runs were performed on each transition state, followed by geometry optimizations to ensure that they connected to the appropriate reactant and product ion minima. The final energies used to calculate the potential energy surfaces were corrected with the (U)B3-LYP/6-31ϩϩG(d,p) zero-point vibrational energies, (ZPVE), (E reported ϭ E electronic ϩ E zpve ), with no scaling factors utilized. All energies are expressed as relative enthalpies, in ⌬H, in kcal.mol
Ϫ1
.
Results and Discussion

Formation of Radicals at Different Sites
Here we use two different chemical methods to regiospecifically create radical sites within a peptide. The first involves the use of CID of protonated S-nitrosocysteine containing peptides to promote bond homolysis to yield sulfur-centered cysteinyl radicals (Scheme 1a), a method that has been successfully employed previously [56, 80] . The second method is one that has been recently utilized by Siu and involves two sequential stages of CID [64, 65] . In the first step, a ternary metal complex containing a peptide with a tyrosine residue is subjected to CID to yield a peptide radical cation. This radical cation is isolated and subjected to a second stage of CID to form an ␣-carbon backbone radical site via loss of a dehydroquinone from the tyrosine residue (Scheme 1b). Generation of ␣-carbon-centered radical cations via this strategy was only successful for the N-terminal tyrosine peptides YC, YCG, and YGC, and readily proceeds via the spontaneous loss of the tyrosyl side chain. The corresponding tyrosine centered radical cations are unstable in the time span of our experiments and consequently are not observed in the CID spectra (Supplementary Material Figure S1A-C). A variety of ternary metal complexes consisting of various redoxactive metals and auxiliary ligands were used in an attempt to generate ␣-carbon-centered radical cations at other sites without success. The peptides, M, studied included M ϭ CY, CYG, and CGY, while their complexes that were subjected to CID included:
where bipy ϭ 2,2=-bipyridine and salen ϭ N,N=-ethylenebis(salicylimine).
The fact that it is possible to regiospecifically generate radicals at different sites in these cysteine-containing peptides requires the use of a shorthand nomenclature that specifically identifies each unique radical site. Here we adopt the nomenclature of Chu and coworkers [64, 65] in which residues that contain an ␣-carbon radical have a superscripted solid circle to their right. As cysteine-centered radicals can be generated in two site-specific locations, we have used the notation C(S · ) to distinguish sulfur-centered sulfhydryl radicals from their ␣-carbon-centered counterparts, C · . In cases where all possible radical sites for a system are being considered, the radical site is unspecified with the radical notation located after the square brackets. An analogous nomenclature is used to denote the location of the charge: in peptides in which the ionizing proton is sequestered by an arginine residue a charge symbol is placed next to the arginine one-letter code, whilst the charge notation is placed outside of the square brackets to describe systems in which the protonation site is unspecified. Examples of the nomenclature used in this text are summarized below.
ϩ ϭ ␣-carbon radical located at the N-terminal glycine residue; site of proton is unspecified; [GC(S · )G] ϩ ϭ Sulfhydryl radical located at the internal cysteine residue; site of proton is unspecified; [GCG] ·ϩ ϭ Location of radical and proton sites are unspecified; [GC(S · )R ϩ ] ϭ Sulfhydryl radical located at the internal cysteine residue; proton is sequestered by the arginine residue. [64, 65] in which a ternary metal complex containing a peptide with a tyrosine residue is subjected to collision-induced dissociation (CID) to yield a peptide radical cation, which, when isolated and subjected to a second stage of CID, forms an ␣-carbon backbone radical site via loss of a dehydroquinone from the tyrosine site. 
Fragmentation Reactions of Radical Cations of the Dipeptides CG and GC
Fragmentation Reactions of Radical Cations of the Tripeptides CGG, GCG, GG
The regiospecifically generated radical cations
, and [G · GC] ϩ were subjected to low-energy collision induced dissociation, resulting in the spectra shown in Figure 2a -f, respectively. Although we were unable to independently generate radicals at each of the ␣-carbon positions, general comparisons can be made with the previous studies performed on the dissociation of [GGG] ·ϩ [64, 65] : (1) (Figure 2a) corresponds to an ion at m/z 161. Accurate mass measurements on this ion suggests that it corresponds to an even-electron x 2 ion rather than the more commonly observed isobaric b 2 ion (Figure 2d ). Other losses observed include NH 3 (m/z 218) and CH 2 S (m/z 189). The latter loss was also observed in the low-energy CID spectrum of the cysteine radical cation [80] . Dissociation of the corresponding C-terminal methyl ester, [C(S · )GG-OCH 3 ] ϩ , shown in Supplementary Material Figure S2A , yields similar losses.
To provide structural evidence that the even-electron x 2 ion corresponds to protonated N-formyl-glycylglycine, the CID spectrum of protonated N-formyl-glycylglycine (Figure 3a ) generated through collisional activation of [C · GG] ϩ was compared with that of an independently synthesized sample of N-formyl-glycylglycine, which was subjected to ESI (Figure 3b ). The two spectra appear indistinguishable, with identical product ions and relative abundances, confirming that the protonated N-formyl-glycylglycine is the major dissociative product of [C(S · )GG] ϩ . How is this x 2 ion formed? DFT calculations (data not shown) on a range of isomeric structures of the [C 2 ,H 4 ,N,S] radical lost suggest that a likely candidate is the conjugated S-centered radical H 2 NCHCHS. This in turn suggested a mechanism involving H atom attack to cleave the C-C bond (Scheme 2). To confirm the involvement of the ␤-H atom, a deuterium-labeled cysteinyl(3,3-D 2 )glycylglycine was utilized, in which the two hydrogen atoms on the cysteine side chain were replaced with deuteriums. An examination of the CID spectrum of [C(3,3-D 2 )(S · )GG] ϩ shown in Figure 3c reveals that one deuterium is retained to yield an ion at m/z 162. Interestingly, this ion was found to be highly reactive towards adventitious background water within the ion trap, resulting in H/D exchange reactions to yield the corresponding unlabelled x 2 ion, protonated N-formylglycylglycine, at m/z 161, as confirmed by MS 3 experiments (data not shown).
Puzzled by this H/D exchange, which is unexpected for the mechanism shown in Scheme 2, we carried out the following additional experiments. 
DFT Calculations on Mobile Radicals Versus Mobile Protons in the Radical Cations of the Tripeptide Containing an "Interior" Cysteine
Residue: [GCG] ·ϩ Due to the considerable theoretical complexities involved in studying radical cations of tripeptides (i.e., site of radical, site of proton), the DFT calculations were restricted to the systems which gave the simplest CID spectra: [GC(S · )G] ϩ , and [G · CG] ϩ . As discussed above, the MS/MS spectra of these two regiospecifically generated radicals resulted in similar-looking spectra. Thus a key objective of these studies was to establish whether interconversion between the radical sites occurs before fragmentation.
Since there are numerous permutations for intramolecular hydrogen-atom and proton transfers, a comprehensive examination of all possible pathways and their corresponding potential energy surfaces is beyond the scope of this work. Instead, we have adopted a similar methodology to that used to examine the interconversion of ␣-carbon-centered triglycine radical cations [64] , whereby only hydrogen atom migrations between ␣-carbons were examined. In addition, as suggested by the gas-phase experiments above, the presence of the cysteinyl side chain can facilitate radical migrations and consequently HAT from the sulfhydryl site to each of the three ␣-carbons was also explored. Investigations into nitrogen and oxygen centered radical migrations were also conducted, but as the enthalphic barriers obtained for these systems are higher than the corresponding carbon-and sulfhydryl-centers, these results are not presented here. A further challenge is the presence of multiple potential protonation sites, and with the exception of protonation on the thiol site, every possible heteroatom protonation site was examined. Only those that are directly involved in HAT/ dissociation are, however, presented here. Although these results are not meant to represent a comprehensive study of all the possible pathways for hydrogenatom and proton transfer reactions, the aim of these DFT calculations was to offer some insights into accessible fragmentation pathways of [GCG] ·ϩ under conditions of low-energy CID (Figure 2b and e) .
Low-Energy Structures of the Hydrogen-Deficient [GCG] ·ϩ Radical Cation
First, a survey of the low-energy structures of the various tautomers of hydrogen-deficient GCG radical cation was conducted. All possible combinations of the radical sites at the sulfhydryl and ␣-carbon positions together with the protonation sites at the amino nitrogen and the carbonyl oxygen were considered, giving rise to the sixteen tautomeric structures shown in Table 1 , with the energy of each structure in kcal.mol Ϫ1 and relative to the lowest energy tautomer, 02a. Due to the large number of degrees of freedom of this tripeptide the entire conformational space for each of these tautomers was not examined. Instead, the structures shown in Table 1 represent the most stable structures found through a combination of geometry optimizations based on input guesses that maximize the number of internal hydrogen-bonds and those discovered from IRC runs that connected local minima to the various transition states for HAT and fragmentation discussed further below.
From the structures shown in Table 1 , apparently the energy of the various tautomers is dictated by the extent of stabilization of both the ionizing proton and the radical. The lowest-energy structure of all 16 tautomers, 02a, contains a seven-membered ring in which the charge of the ionizing proton is delocalized onto the internal carbonyl oxygen. In addition, the N-terminal ␣-carbon radical center is captodatively stabilized by both the strongly electron-donating properties of the amino group, in combination with the strongly electron-withdrawing properties of the protonated first carbonyl oxygen. The effect of these two stabilization energies are evident in the Structures 03 and 01 in which the site of the proton is located on the second carbonyl oxygen and the amino group respectively. Although for Structure 03 the charge remains delocalized over a seven-membered ring, the extent of captodative stabilization of the radical center is lowered due to the weaker electron-withdrawing ability of the -CONH-group; consequently, 03 is higher in enthalpy than 02a by 16.5 kcal.mol
Ϫ1
. Protonation of the amino moiety to give Structure 01a, changes the strongly electron-donating NH 2 -into an electron-withdrawing N ϩ H 3 -group, destabilizing the radical center to give a structure that is ca. 35 kcal.mol Ϫ1 higher in energy than 02a. This type of destabilization has been previously noted by Yu et al., who found a much higher BDE for the C-H bond in protonated glycine relative to neutral glycine [81] . Another way of thinking about this phenomenon is that installation of a radical site adjacent to the protonated N-terminus enhances its acidity and thus makes other sites in the peptide more attractive to locate the proton on. Thus, a radical site on the ␣ carbon directly next to the protonated N-terminus facilitates mobilization of the proton. Due to the weaker electron-donating properties of the amide nitrogens, the radical centers located on the ␣-carbon of the second and third residues, [GC · G] ϩ and [GCG · ] ϩ , are less stabilized and, consequently, higher in energy than their N-terminal ␣-carbon radical counterparts. The most stable tautomer of [GC · G] ϩ is 07a, in which the ␣-centered radical is located on the internal residue and is captodatively stabilized by the first amide nitrogen, and the strongly electron-withdrawing ϪC(OH ϩ )NH-group. Protonation on the other sites does not contribute towards captodative stabilization, thus making them higher in energy. Protonation on the second carbonyl oxygen for [GCG · ] ϩ (11), yields a structure that is higher in energy (17.5 kcal.mol
) than the corresponding structures protonated on the amino (09) and N-terminal carbonyl oxygen (10a) (15.5 and 15.4 kcal.mol Ϫ1 , respectively). Finally, the two lowest energy structures of the sulfur-centered [GC(S · )G] ϩ are the amino and carbonyl oxygen 1 species (13 and 14) possibly due to the delocalization of the charge through hydrogen bonding to form five-and seven-membered rings, respectively.
Potential Mechanisms for the Dissociation of the [GCG] ·ϩ Radical Cation
Since the CID spectra of [GCG] ·ϩ essentially only give a single product, three possible dissociative pathways for the generation of the [b 2 -H] ·ϩ ion were considered, together with a fourth pathway in which the radical The structures were generated by examining all possible combinations of the radical sites at the ␣-carbon and sulfur positions together with protonation at the amino group and the carbonyl oxygen. The optimized structures and their corresponding energies were calculated using (U)B3-LYP/6-31ϩϩG(d,p). The lower underlined number corresponds to the energy of the structure (in kcal.mol 
Mechanism for Formation of the [b 2 -H] ·ϩ Radical Cation from [GC(S · )G] ϩ
The loss of neutral glycine to yield the oxazolone radical cation [b 2 -H] ·ϩ is predicted to occur via 14b, which is 9.9 kcal.mol Ϫ1 higher in energy than 14a (Figure 4a ). The dissociation occurs via a concerted mechanism in which the ionizing proton is transferred from the first carbonyl oxygen onto the terminal amide nitrogen, thereby allowing for a neighboring group attack by this first carbonyl oxygen onto the second carbonyl carbon. This process occurs via transition-state TS14b-17, which has a barrier of 39.0 kcal.mol Ϫ1 above 02a to yield the ion-molecule complex 17, which upon separation yields the oxazolone radical cation, 18, with an overall endothermicity of 48.7 kcal.mol Ϫ1 .
Mechanism for Formation of the [b 2 -H] ·ϩ Radical Cation from [G · CG]
ϩ Figure 4b shows the PES for the interconversion of
ϩ , followed by dissociation to yield the b 2 -type ion 20. Thus the key first step in the fragmentation pathway must involve H-atom migration from the N-terminal ␣-carbon to the sulfur in the precursor 14c, to give 02b, which has been calculated to have a barrier of 41.5 kcal.mol
Ϫ1
. The subsequent dissociation from conformer 02c begins through protonation of the C-terminal amide from the first carbonyl oxygen, followed immediately by nucleophilic attack of the Nterminal carbonyl oxygen to yield the ion-molecule Complex 19. . Figure 5a shows the potential energy surface for the interconversion of
, 21c, via a 1,4-H atom transfer from the ␣-carbon of the cysteine residue to the ␣-carbon of the N-terminal glycine residue. The barrier is 33.3 kcal.mol Ϫ1 relative to 02d and 27.7 kcal.mol Ϫ1 relative to 06a. To link 06a to the structure required for the dissociation, 21a, the transition-state TS06b-21c was calculated, corresponding to the barrier involved in the migration of the proton from the N-terminal carbonyl to the amide bond located on the C-terminus. The barrier for this proton transfer is 26.8 kcal.mol Ϫ1 relative to the lowest energy Structure 02a.
Conversion from [GC
The potential energy surface for the interconversion of [ Figure 5b . This involves a 1,4-H atom transfer between the ␣-carbons of the second and third residues, and proceeds via TS07b-10c, which is predicted lie 47.1 kcal.mol Ϫ1 higher in energy than 02a.
Conversion from [GCG
. Figure 5c shows the potential energy surface for the 1,7-H atom transfer required to interconvert [
ϩ . This radical migration is predicted to occur starting from 10d, which is ca. 24.0 kcal.mol Ϫ1 higher in enthalphy than 02a, and then proceeding via TS10d-02e to 02e. The forward and reverse barriers for this rearrangement relative to 10d and 02c are 54.6 and 56.3 kcal.mol Ϫ1 , respectively.
Scheme 4 combines the key energies of Figures 4 and 5 to provide an overview of the barriers associated with radical migration between the four possible radical location sites, and for dissociation from these sites to yield b 2 -type ions. From an examination of this scheme, two conclusions can be made: (1) radicals which are initially located on the sulfur, amino or internal ␣-carbon will not migrate, as the barriers for radical migration are greater than those of the mobile proton pathways required to form [b 2 -H] ·ϩ ions; and (2) radicals generated on the C-terminal ␣-carbon will migrate via a 1,6 HAT reaction to yield a sulfur-centered radical, which subsequently fragments into a [b 2 
Blocking Competing Mobile Proton Pathways by Sequestering the Proton onto an Arginine Residue
Since the DFT studies indicated that interconversion between the tautomers of [GCG] ·ϩ before fragmentation is unlikely due to the energetically more favorable charge-directed fragmentation pathways, we were interested in examining a system in which competing mobile proton pathways were blocked. Through the introduction of an arginine residue, the proton is sequestered, potentially allowing for HAT processes and radical-driven cleavages. An examination of the resultant MS 3 spectra of the site-specific hydrogen-deficient GCR radical cation [GC(S · )R ϩ ] (Figure 6a ) shows that it fragments in an identical manner to the previously studied [GCR ϩ ] · (Figure 6b ), [60] with radical-directed losses of HS · (m/z 301), and CH 2 S (m/z 288). The loss of HS · is most likely to occur via HAT from the ␣-carbon of the central residue, followed by an ␣-cleavage reaction, whilst the previously discussed CH 2 S loss is initiated from the sulfur-centered sulfhydryl radical. The presence of both of these losses for the two systems indicates that radical migration occurs for both systems, with tautomerism of [ 
General Comparison of the Fragmentation Reactions of Protonated and Radical Cations of the Cysteine-Containing Peptides CG, GC, CGG, GCG, and GGC
To examine the effect of removing the hydrogen atom on the sulfhydryl moiety to yield a radical center, the fragmentation reactions of protonated and sulfurcentered radical cations were briefly compared. CID of [ Figure S6A and B), and the spectra are very similar to those found in a threedimensional ion trap [73, 74] . Both losses occur through intramolecular nucleophilic attack by the cysteinyl sidechain thiol onto the ␣-carbon and carbonyl-carbon, respectively. In contrast, the presence of a sulfurcentered radicals, [ Figure S7D and F) dissociate to give sequence and non-sequence ions that occur primarily via radicaldriven processes. Systems containing an internal cysteine residue, [GCG ϩ H] ϩ and [GC(S · )G] ϩ , (Supplementary Material Figure S7B and E) dissociate in a similar manner to yield b 2 -type ions, although H 2 O loss is not observed for the radical system. Thus, as has been previously noted for the library of tripeptides, GXR, radical cations can fragment quite differently from their protonated counterparts [60] .
Conclusions
Despite decades of work, mass spectrometry-based studies on peptides continue to provide new and fascinating fragmentation chemistry. For example, here we have discovered a novel fragmentation reaction that occurs at a cysteine residue to give a truncated Nformyl peptide, corresponding to an even-electron x n ion. Apart from the inherent structural diversity of peptides, one of the reasons that new types of fragmentation reactions continue to appear is that the types of peptide ions that are examined can be manipulated. For instance, the nature of the charge (cation versus anion) can be varied; metal complexes of peptides can be examined; a range of charge states are available; numerous ways of forming radical ions have been developed.
The current work further highlights that the CID spectra of canonical/hydrogen-deficient radical cations are complimentary to those of the even-electron protonated ions. The presence of both a charge and a radical makes unraveling the mechanisms of the fragmentation reaction of the former systems challenging. The simplest peptide radical cations appear to be those where the charge is sequestered (i.e., non-mobile) on a basic residue such as arginine, allowing charge-remote, HAT, and radical-driven fragmentation reactions to proceed. In cases where the peptide lacks a basic residue, mobileproton-and charge-directed fragmentation reactions can compete with HAT and radical-driven fragmentation reactions. The CID spectra of the radical cations of CG, GC, CGG, GCG, and GGC show that a combination of proton-and radical-driven processes can occur, and that these are dependent on both the position of the cysteine residue and the initial site of the radical center.
When does the mobile proton "win" over the mobile radical? Although this question cannot yet be fully answered, the following observations can be made: (1) both mobile proton and mobile radical processes can only occur if the barriers to proton or hydrogen atom transfer are below the barriers for fragmentation at the original charge or radical site; (2) the typical energetic requirement to cleave amide bonds or eliminate neutral molecules in protonated peptides with mobile protons lies in an energy range between 25-40 kcal mol Ϫ1 [80] . If radical pathways such as HAT and radical directed cleavages are to compete, the barriers associated with the processes need to fall within the energy range; (3) the initial site of radical generation can play a role, as illustrated for [GGC] ·ϩ . Whilst mobile- 
